Forming limit diagrams (FLDs) of AA6082 at warm/hot stamping conditions were determined by using a specially designed test rig. The tests were carried out at various temperatures from 300°Cto 450°C and forming speeds ranging from 75 mm/s to 400 mm/s. The strain was visualized and measured using ARGUS software provided by GOM. The results clearly show that the formability of AA6082-T6 sheet metal, in terms of the limit major strain, increased by 38.9% when the forming temperature was increased from 300°C to 450°C at a speed of 250 mm/s, and increased by 42.4% when the forming speed was decreased from 400 mm/s to 75 mm/s at a temperature of 400°C. It was verified that hot stamping is a promising technology for manufacturing complex-shaped components.
Introduction
Due to growing concerns about fuel economy improvement and exhaust emissions reduction, there has been a remarkable growth in the development of new technologies being applied in the automobile industry. Currently, there are two potential routes to improve vehicle efficiency, i.e. powertrain optimization and mass reduction. Through using lightweight materials, it has been shown that a 5-7% fuel saving can be achieved with a 10% reduction in vehicle weight [1, 2] .
Many developments in vehicle weight reduction focus on utilizing aluminium alloys to replace steels in vehicle body structures. However, the poor ductility of aluminium alloys at room temperature restricts their widespread adoption. The most common solution to this problem is forming the alloys at elevated temperatures. The improvement in formability at elevated temperatures has been investigated previously [3, 4] . Warm forming can significantly enhance the formability and reduce the springback of 5xxx series aluminium alloys used for inner panels of vehicles [5] .
Sheet metal formability is represented by forming limit diagram (FLD), which was firstly proposed by Keeler and Backofen in 1963 [6] . As a widely accepted criterion, the FLD usually consists of a series of forming limit curves (FLCs), providing a graphical description of the critical strain state that specimens can sustain before necking and crack occur.
FLD is an essential tool in both Finite Element (FE) modelling of sheet metal forming processes and material model calibration [7, 8] . Although many studies have been carried out on the forming limits of aluminium alloys, very few focus on the sheet metal formability of 6xxx series aluminium alloys, which have been gaining increasing amounts of interest in the vehicle industry due to their high post-form strength potential. The effects of high forming speeds up to 400 mm/s and high forming temperatures on the formability of this alloy series have not been studied previously.
In the present study, forming limit diagrams of aluminium alloy AA6082 were deduced at warm and hot forming conditions through robust and repeatable forming limit tests. Different forming conditions were tested, including various forming speeds ranging from 75 mm/s to 400 mm/s. A dedicated test rig was designed for these high temperature and high speed formability tests. An advanced optical strain analysis software ARGUS, provided by GOM, was used to visualize and measure the strains.
Experimental procedure
Test Material. The aluminium alloy AA6082 was used in this study. It was supplied by AMAG Rolling Austria in the T6 condition. The composition of the material as received is listed in Table 1 . Table 1 . Composition of AA6082-T6 [9] Test Rig Specification. The rig was designed to be installed on a 25 tonne ESH high speed hydraulic press, which has a ram speed of up to 5 m/s. In order to obtain isothermal test conditions, the main installations of the rig including the punch, blankholders and relevant supporting structures were fitted within a furnace. Two gas springs were utilized and installed under the furnace, which provided a constant blankholding force, and the force could be varied by changing the gas spring pressure. The punch was rigidly mounted on the press load cell to monitor the forming load. When the hydraulic press was triggered and the loading arm moved downwards, the test specimen would be tightly clamped by the blankholders at first and then deformed by the punch. A CAD model of the rig assembly is shown in Fig.1 .
Specimens design. The geometry of the specimens took the form of a waisted circular shape with a central shaft, except for the equi-biaxial specimen which was circular [10, 11 and 12] . The specimen shaft was parallel to the rolling direction of the metal sheet. The geometries of the specimens are shown in Table 2 and the drawing of the Type 1 specimen is shown in Fig.2 . In order to obtain the full FLC, four different ratios of the parallel section width (W) to the specimen's diameter (D) were used to represent different linear strain paths, from uniaxial stretching to equibiaxial stretching, as shown in Fig. 3 . The specimens were manufactured using laser cutting, and the edges were polished to remove the burrs preventing the potential stress concentration during forming. In order to use the strain measurement software ARGUS, a uniform grid pattern, specifically 0.75 mm diameter circular points with 1 mm center-to-center spacing, was electrochemically etched on the surface of the specimens before test.
Formability test setup. The formability tests were conducted at temperatures of 300˚C, 400˚C and 450˚C, and at forming speeds ranging from 75 mm/s to 400 mm/s, to capture the conditions encountered in both warm forming and hot forming. Table 3 shows the test matrix of the formability experiments; these tests were conducted for each specimen geometry so that a complete FLC could be produced at each test condition.
For each test, the forming speed was set on the press and the furnace was heated to the target temperature. A high-temperature graphite lubricant MSL Grease (Omega 35) was applied to each specimen. The temperature of the specimen was monitored through another specimen with the same shape placed adjacent to it with a thermocouple attached. Immediately after the target temperature was reached, the press was triggered.
The stroke of the punch was set such that localized necking initiated on the specimen at the end of the test, as this would give the value of the forming limit strains at that specific strain path.
Strain measurement and FLD determination. The formed specimens were photographed at multiple angles and elevations, and the images were imported into the ARGUS software, to capture the deformed grid patterns on the surfaces of the specimens (Fig. 4 ) and evaluate their strains ( Fig.  5 ). Major and minor strain data was exported from sections defined perpendicular to the necking on the specimens, and input into a developed fitting program such that the limit strains could be extracted [10] . The limit strains from each strain path of a particular test condition were plotted to obtain the FLC. And a series of FLCs under same forming temperature or forming speed were plotted together and the FLD was determined.
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300 400 450 75 √ 250 √ √ √ 400 √ Fig. 6 shows all the specimens formed at the five different testing conditions. Only Type 4 specimens were tested at a temperature of 450 ˚C to reduce exposure of the test rig and hydraulic press to excessively high and damaging temperatures.
Results and Discussion
Effect of forming temperature on formability. The FLD of AA6082 at different forming temperatures for a constant forming speed of 250 mm/s is presented in Fig. 7 .
The FLC has a "V" shape and is non-symmetric about the plain strain line. It is similar to FLCs obtained for other aluminium alloys at elevated temperatures [13, 14] . The minimum major strain occurred at the plain strain condition, and is the lowest point of each curve, while the specimens under the uniaxial and equi-biaxial conditions have higher limit strains. It is clear that the increase in forming temperature from 300˚C to 450˚C promotes a significantly higher limit strain. For the uniaxial test pieces, the major strain improvedby approximately 25% from 300˚C to 400˚C. Under the plain strain condition, the improvement in the major strain wasmore than 40% over the same temperature range. The improvement in the major strain from 400˚C to 450˚C under the equi-biaxial condition was almost equivalent to that from 300˚C to 400˚C; higher forming temperatures therefore enhanced formability.
At high temperatures, the yield stress of AA6082 decreases and the elongation to failure increases with higher temperatures, which contributes to a better formability [15] . With increasing forming temperature, more precipitates are dissolved into the material matrix resulting in better dislocation movement [16] .Moreover, the thermal energy of the material is strongly affected by the temperature applied. Additional deformation mechanisms involved with dislocations become activated at elevated temperatures. Increased dislocation mobility may also lead to increased dislocation annihilation and enhanced plastic strain [15] . However strain hardening, which limits the possibility of localized thinning and is conducive to an improved formability, decreases at higher temperatures [17] . At elevated temperatures there exists a competition between the higher elongation to failure and the reduction in strain hardening; here, the increased elongation is the dominant effect, resulting in the improved formability.
Effect of forming speed on formability. The effect of forming speed on formability at 400˚C is shown in Fig. 8 . Similar to the trend of the FLCs at different forming temperatures, the profile of the FLCs at different forming speeds is "V" shaped. The lowest point in each FLC also corresponds to the plain strain condition. Formability was found to increase with decreasing forming speed, although the difference was minor between the forming speeds of 250 mm/s and 400 mm/s. At elevated temperatures and lower forming speeds, the strain rate sensitivity of the material is enhanced, resulting in better formability [18, 19] . Recovery process usually occurs when a material deforms at high temperature, with the number of dislocations decreasing and their arrangement becoming more inerratic, as found through observations using transmission electron microscopy (TEM) [20] . At lower forming speeds, there is more time for recovery process to take place over the duration of the forming process, leading to the observed increase in the formability of the material.
Formability comparison with different materials and test conditions .Currently, 5xxx and 6xxx series aluminium alloys are both utilized in the automobile industry. Compared with another 6xxx series aluminium alloy, e.g. AA6111-T4, which was formed at room temperature at a forming speed of 120 mm/s [21] , the formability of AA6082-T6 at 300˚C and a forming speed of 250 mm/s was significantly higher. The limit major strain at the plain strain condition, for example, increased from 0.12 to 0.2, which is approximately a 67% increase. At a temperature of 200°C and speed of 75 mm/s,the limit major strain at the plain strain condition for AA5754was found to be approximately 0.28 [22] . In comparison, this limit strain was 0.48, or 71% higher, for AA6082 when it was formed at 400°C and a speed of 75 mm/s. Forming AA6082 sheet alloys at elevated temperatures has the effect of increasing their limit major strains and hence their formability, enabling their application in the forming of complex-shaped components.
The formability of AA6082 at high forming speeds was also comparable to that of the aluminium alloy AA5083-O when formed at a temperature of 300°C and forming speed of 3.33 mm/s. The limit major strain at the plain strain condition was approximately 0.2 [13] , which was equivalent to the limit strain of AA6082 formed at 300°C at a speed of 250 mm/s. The potential to form AA6082 at high forming speeds would enhance the production rates for lightweight aluminium alloy vehicle components. In addition, as a high strength aluminium alloy, AA6082-T6 would have a higher yield strength level, provided a post-form heat treatment is applied.
Conclusion
In this work, a new test rig was designed and manufactured, and the FLDs of the high strength aluminium alloy AA6082 in the T6 condition were experimentally determined usingformability tests. The effects of forming temperature and forming speed on the formability were thoroughly investigated representing warm/hot stamping processes. The FLDs under different conditions were obtained, and the findings are summarized as follows.
1. Elevated temperatures enhance the formability of the material investigated. An increase in temperature from 300˚C to 450˚C, at a forming speed of 250mm/s, leads to a formability increase of 38.9 % in terms of the limit major strain at the plain strain condition.
2. At 400˚C, lower forming speeds are found to be more conducive to better formability. For each strain path, the limit strain increases by an average of 40% as the forming speed is decreased from 400 mm/s to 75 mm/s. 3. It can be deduced that AA6082 is a very promising sheet material for high strength complexshaped components manufacturing, especially at hot forming conditions.
